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31cw-Qut  cf  Rubber  Slocks  Cue  to  Ir.terr.3l  Heating 
A.  .  Gent  and  M.  Hindi 

Institute  cf  Polymer  Science  and  Polymer  engineering  Canter 
The  University  cf  Akron,  Akron,  Chic  44325 
I .  Introduction 

When  rubber  is  deferred,  part  cf  the  work  cf  defcrraticn  is 
transformed  into  heat.  Because  rubber  is  a  rather  poor  conductor 
cf  heat,  the  internal  temperature  under  repeatedly-applied 
deformations  can  reach  hich  values,  especially  for  chick 
articles.  Tire  treads  and  tank  track  pads  can  become  so  hot  m 
the  interior  that  they  explode.  This  phenomenon  is  known  as 
"biew-out."  But  the  mechanism  of  failure  is  not  well  understood 
It  has  been  attributed  to  mechanical  fatigue  [1J,  and  biaxial 
tensile  fracture  aggravated  by  high  temperature  (2,3].  In  con¬ 
trast,  it  is  attributed  here  to  high  internal  pressure  cf 
volatile  substances,  sufficient  to  burst  open  the  surrounding 
material.  The  volatiles  are  thought  to  be  a  product  of  thermal 
decomposition.  We  show  that  blow-out  can  be  produced  by  direct 
heating  of  rubber  compounds  in  a  microwave  oven,  and  to  seme 
extent  by  internal  heating  of  rubber  sheets  by  embedded 
resistance  heating  wires,  without  any  mechanical  stressing. 

2  .  experimental  dev  1 1 

Vulcanized  rubber  cylinders,  25mm  high  and  17.5mm  m 
diameter,  and  sheets  of  various  thicknesses  were  made  in  a  com¬ 
pression  mold  using  conventional  recipes.  A  typical  mix  formu¬ 
lation  was  as  follow?  in  carts  by  weigh t:  S3R  1502,  100;  c3rl:c)i 
black  (N330,  Vulcan  3,  Cabot  Ccrp.) ,  50;  sine  cxide,  5;  stearic 
acid,  2;  processing  oil  (Sundex  790T,  Sun  Petroleum  Co.) ,  5; 
sulfur,  1;  accelerator  (Santocure  MCH,  Monsanto  Co.) ,  0.5. 
Vulcanization  was  effected  by  heating  for  50  min  at  150°C. 
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Values  cf  Young's  modulus  F  were  determined  iron  stress- 
strain  relations  in  compression ,  at  ambient  and  elevated 
temperatures . 

Cylindrical  specimens  were  subjected  to  repeated  compression 


using  a  Goodric 

h  Flexometer,  as 

described  in  A STM 

D623  -  67 

f  *  1 
[  -i  J  . 

The  frequency  c 

f  loading  was  30 

Hz  and  the  double 

-amplitude 

cf 

oscillation  was 

6.35mm.  Static 

compressive  loads 

of  either 

2  2  cr 

43  kg  were  applied  to  the  sample  by  attaching  weights  to  the 
machine  beam.  Experiments  were  terminated  when  the  sample  tailed 
by  blow-out,  typically  within  15  min.  Measurements  cf  blow-out 
temperature  were  made  by  means  cf  a  probe  thermocouple  inserted 
into  the  sample  immediately  after  blow-out. 

Other  samples  were  heated  in  a  microwave  oven  without 
imposing  any  deformation.  31ow-out  similar  to  that  obtained  with 
the  Goodrich  Fiexom.eter  occurred  in  less  than  one  minute. 

Some  vulcanized  sheets,  about  6mm  thick,  were  heated  by 
passing  an  electric  current  through  a  fine  straight  copper  wire, 
about  125mm  long  and  160  urn  in  diameter,  embedded  m  the  center 
cf  the  sheet  before  vulcanization.  The  power  input  was  adjusted 
to  heat  the  sample  at  about,  the  same  rate  as  in  the  microwave 
oven,  3-5cC/sec.  Internal  temperatures  were  determined  rrcm  the 
measured  resistance  of  the  wire  and  the  temperature  coefficient 
of  resistance  of  copper.  At  temperatures  between  200  and  300cC, 
the  rubber  sheet  showed  surface  discoloration,  followed  soon 
afterwards  by  appearance  cf  a  blister,  which  is  considered 
equivalent  to  blow-out. 

Thermocravimetric  analysis  was  carried  cut  on  seme  ccn.pound.ff 
and  the  volatiles  released  by  blow-out  were  isolated  and  analyzed 
by  gas  chromatography  and  mass  spectrometry. 


Results 


3.  r.  d  d  i  s  c '  u  s  s  i  c  r. 

(i)  Blow-out  tram  repeated  compression  and  solely  from  heating 
Blow-out  temperatures  for  Goodrich  f lexometer  samples  are 
riven  in  Table  1.  They  reached  values  of  200cC  cr  more, 
suggesting  that  blow-out  rs  a  consequence  of  thermal  decomposi¬ 


tion  ct  the  polymer. 

Blow-out  temperatures  for  samples  subjected  to  direct 
heating  in  the  microwave  even  were  aporcximately  the  same.  Table 
1,  and  the  sooesrance  cf  the  failed  samoles  was  also  quite 
similar,  Figure  1.  Thus,  rhe  criterion  fer  blow-out  seems  *•  c  be 
a  sim.pie  cr.e:  the  interior  cf  the  sample  must  reach  a  critical 
temperature.  Mechanical  working  is  only  a  means  cf  generating 
heat  internally;  it  is  net  essential  for  blow-out. 

Significant  differences  were  noted  in  the  appearance  cf 
samples.  Flexed  samples  became  barrel- shaped ,  due  to  ccmpressio 
set.  Figure  1,  and  decomposition  was  concentrated  in  the  center. 
In  contrast,  microwave  samples  decomposed  ever  larger  internal 
regions,  wherever  severe  heating  had  occurred. 


(ii)  Blow-out  temperatures  fci 


.cal 


ubber  conocur.cs 


Blow-out  temperatures  ere  given  in  Table  1.  They  ranged 
from  about  1S0°C  to  about  250 SC,  depending  upon  the  polymer  and 


the  mix  formulation. 

Two  general  features  were  noted.  First,  the  )low-out 
temperature  was  higher  for  harder  materials.  For  example,  com¬ 
pounds  SBR2  and  S3R3  had  different  amounts  of  sulfur  ar.d  accel¬ 
erator,  while  SHR1  and  SB?. 3  differed  in  carbon  black  content, 
giving  vulcanizates  cf  the  same  polymer  with  markedly  different 
elastic  modulus.  Blow-out  took  clace  at  higher  temperatures  fer 
the  higher  modulus  compounds. 

Values  of  Ycur.g 1  s  modulus  E  a  a  temperatures  close  to  the 


m 


w 


w-out  temDerature  are  induced  m  Taole 


:r.ev  ccnnrm 


general  conclusion.  Moreover,  this  reature  is  consistent  witr 
the  orocosed  mechanism  or  blow-out.  The  critical  pressure  at 


which  a 


small  internal  cavity  in  a  rubber  block  will  expanc 


indefinitely  is  given  approximately  by  55/6  [t,6]  .  Thus,  a 
harder  material  would  be  expected  to  withstand  higher  internal 
pressures  without  rupturing. 

Some  materials  appeared  to  soften  markedly  at  high  tempera¬ 
tures  and  undergo  blow-out  at  the  same  time.  For  example,  butyl 
rubber  compounds  turned  into  a  soft,  buttery  consistency  at  the 
blow-out  temperature,  about  180°C.  In  contrast,  N3R  and  SBR  com¬ 
pounds  were  found  to  be  stiffer  than  others  initially  and  to 
retain  their  stiffness  at  high  temperatures.  They  were  found  to 
have  higher  blow-out  temperatures  also. 

Natural  rubber  compounds  became  soft  and  sticky  as  a  result 
of  thermal  decomposition,  whereas  NBR  and  SBR  compounds  remained 
relatively  dry.  In  both  cases,  however,  blow-out  took  place 
explosively,  especially  for  NR  materials  with  C-C  or  monosulfide 


:rosslir.ks  (NR2  and  NR4 )  which  blew  cut 
:emperatures ,  Table  1. 


relatively  high 


Polybutadiene  compounds  did  r.ot  undergo  blow-out,  even  after 
long  periods  of  heating  in  the  microwave  oven.  Instead,  the 
samples  softened,  swelled,  and  became  porous  in  the  interior, 
Figure  2.  Apparently,  the  vapor  pressure  of  the  products  cr 
decomposition  is  significantly  lower  for  this  polymer.  "Blow- 
cut"  temperatures  were  taken  as  the  temperatures  at  which 
'renounced  swelling  occurred. 

Thus,  two  factors  appear  to  govern  the  susceptibility  of 
'rubber  compounds  to  blow-out.  The  first  is  their  propensity  to 
generate  high-vaper-pressure  volatiles.  The  second  is  their 
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tendency  to  soften  on  heating  and  thus  lose  resistance  to  expan¬ 
sion  of  a  pressurized  internal  cavity. 

(iii)  Possible  nature  of  volatiles  causing  blow-out 
Certain  ingredients  in  rubber  formulations  would  be  expected 
to  volatilize  at  high  temperatures  and  create  a  high  internal 
pressure.  For  example,  if  water  is  present,  high  internal  pres- 


sures  would  be 

gene 

r  3 1  ed  a.  "L 

temperatures  much 

above  100°C.  In 

order  to  test 

this 

pcssibiii 

ty, 

0 . 5 

percent  of 

salt  was  included 

in  several  mix 

form 

ulaticr.s 

and 

the 

vulcanized 

sanities  were 

soaked  in  water  for  several  days  before  testing,  so  that  they 
absorbed  1-2%  by  weight  of  water.  Blow-out  took  place  at 
virtually  the  same  temperature  as  for  dry  samples,  indicating 
that  absorbed  water  is  not  the  main  cause  of  blow-out. 

Another  possible  volatile  ingredient  of  many  rubber  com¬ 
pounds  is  a  hydrocarbon  processing  oil.  However,  when  an  other¬ 
wise  identical  formulation  was  prepared  with  no  processing  oil, 
blow-out  took  place  at  about  the  same  temperature  as  before. 

Thus,  the  processing  oil  itself  was  net  responsible  for  blow-out. 

Another  possibility  is  dissolved  air.  Samples  that  had  been 
stored  in  vacuo  for  four  weeks  were  found  to  have  significantly 
higher  blow-out  temperatures,  by  about  30cC,  Table  2.  On  exposing 
them  to  air  again  for  several  weeks,  the  blow-out  temperatures 
were  reduced  almost  back  to  the  original  values.  These  results 
suggest  that  air  is  at  least  partially  responsible  for  blow-out, 
prccably  ov  catalyzing  thermal  decomposition . 

Different  formulations  are  known  to  differ  in  susceptibility 
to  tnermal  decomposition.  For  example,  vulcanizates  with  polv- 
sulrice  crosslinks  will  soften  at  lower  temperatures  than  those 
wit.n  monosulfide  cr  with  carbon  - carbon  crosslinks  because  of  the 
x owe r  strength  cf  such  linkages.  If  crosslink  rupture  is  also 


accc~.uar.iea  cv  zr.t 


:u  czicr. 


a  V  r  1 


at:.s  sccszar.ce , 


out,  wij.i  taxe  peace  wren  a  sign:  icar.z  degree  cr  c  rcssiir..*: 
rupture  occurs.  In  accord  with  this  hypothesis,  peroxide 
recipes,  yielding  C-C  crosslinks,  end  monosulfide  (" sulfur les s " ) 
recipes  gave  the  highest  blow-out  temperatures.  Table  1, 
approaching  the  temperatures  at  which  polymer  decomposition  would 
be  expected.  And  differences  observed  between  elastomers  can  be 
attributed  to  differences  in  stabilitv  of  the  crosslinks  formed 


„ h u s  a_tr.ouch  the  exact  nature  or  tie  vciati  —  e  constituent 
is  not  clear,  the  hvoothesis  that  it  is  a  caseous  troduct  of  the 
decomposition  of  crosslinks  accounts  for  the  main  features  of 
blow-out,  namely,  the  general  temperature  range  in  which  it 
occurs,  its  close  relationship  with  softening  temperatures,  the 
lower  blow-out  temoeratures  for  materials  containing  pclysulfidic 
crosslinks  in  comparison  with  C-C  crosslinks,  and  the  marked 
differences  observed  between  different  polymers. 

(iv)  Decomposition  by  heating  with  an  embedded  resistance  wire. 

Temperatures  of  surface  discoloration  are  given  in  Table  1. 

Tl- a  wtr occurred  ewh  1 t  lot  r.  ■‘-emr-o-’-atures  of  the  coder 

of  500CC.  These  temperatures  ere  much  higher  than  those  fer 
blow-out  but  they  are  considered  to  be  over-estimates  cf  the 
actual  rubber  temperature  because  of  heat  losses  through  the 
ruober  and  severe  decomposition  cf  rubber  in  the  immediate 
vicinity  of  the  wire. 

Decomposition  temperatures  measured  in  this  way  were  found 


ze  less  reproducible  than  microwave  blow-out  temoc 


:  s  and 


iey  cepended  strongly  on  the  rate  of  heating.  Thus,  although 
:e  wire-nesting  method  is  appealingly  simple,  it  proved  to  be 


.ess  satisfa; 


:y  man  microwave  heat  me 


leterminin: 
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(a)  (b) 


cure  1  . 

Samples  uf  NR2 

after  blow-cot. 

(a)  Flexcmeter , 

(fc)  Microwave  ] 

ieatirg. 

r  ~:crcw=.ve 


aure  z 


Cros s- section  cr  PB  sample  afte 
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